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To determine the age-related change in the peripheral short-wavelength-sensitive (SWS) grating contrast
sensitivity function (CSF), cut-off spatial frequency (acuity) and contrast sensitivity for both a detection
and resolution task were measured at 8 eccentricity under conditions of SWS-cone isolation for 51 sub-
jects (19–72 years). The acuity for both the detection and resolution task declined with age, the detection
acuity being signiﬁcantly higher than the resolution acuity at all ages (p < .01). The CSF for both detection
and resolution shifted towards lower spatial frequencies with increasing age. The contrast sensitivity for
detection remained higher than that for resolution for all ages at the highest spatial frequencies. The age-
related loss in the SWS resolution CSF at high spatial frequency probably reﬂects a loss occurring at the
ganglion cells level.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
Under short-wavelength-sensitive (SWS) cone isolating condi-
tions, in both the fovea and the periphery, there is a relatively
small number of cells that sample the retinal image. Therefore
sinusoidal grating resolution acuity (the highest spatial frequency
at which the orientation can be discerned) is limited by the neural
sampling density of the retina rather than the limitations of the
eyes optics. Gratings of higher spatial frequency than the resolu-
tion limit can be passed by the eyes optics, and separate thresholds
for both detection acuity (the highest spatial frequency for which
spatial contrast can be detected) and resolution acuity can be mea-
sured across the retina (Anderson, Zlatkova, & Demirel, 2002a;
Hess, Mullen, & Zrenner, 1989; Metha & Lennie, 2001; Williams
& Collier, 1983). In the region between the two thresholds, the bars
of the grating are detected as a spurious pattern (referred to as ali-
asing) as a result of neural undersampling. Under achromatic con-
ditions, it has been convincingly shown that resolution acuity
beyond 5 eccentricity from the fovea is limited by the density of
the retinal ganglion cells (Thibos, Cheney, & Walsh, 1987a,
1987b; see Dacey, 1993a). Similarly, under SWS-cone isolating
conditions in the periphery, it has been shown that resolution acu-
ity at several eccentricities is too low to be predicted by the density
of SWS-cones, but is consistent with pooling of cone signals at a
postreceptoral level (Metha & Lennie, 2001). A close relationship
has been found outside the fovea between the SWS resolution acu-ll rights reserved.
.
).ity and the sampling density of the small-ﬁeld bistratiﬁed ganglion
cells (Anderson et al., 2002a; Beirne, Zlatkova, & Anderson, 2005;
see Calkins, 2001 for a major review), identiﬁed as the morpholog-
ical correlate of a blue-ON ganglion cells, (Dacey, 1993b, 1994b;
Dacey & Lee, 1994a).
Thibos, Still, & Bradley, 1996 showed that the appearance of the
high spatial frequency end of the achromatic CSF in peripheral vi-
sion depends on whether a resolution or detection task type is cho-
sen (Thibos et al., 1996). Resolution contrast sensitivity (CS) drops
off very rapidly close to the resolution cut-off spatial frequency,
while detection contrast sensitivity drops off much more gradually
to give a higher cut-off spatial frequency for detection (Thibos
et al., 1996). This results in an aliasing zone being present on the
peripheral achromatic CSF between the resolution and detection
cut-off (Thibos et al., 1996). Similarly, the peripheral CSF at 20
eccentricity in the horizontal temporal retina under SWS isolating
conditions is dependant on whether the task type is one of detec-
tion or resolution (Anderson, Zlatkova, & Beirne, 2002b). At low
spatial frequencies resolution and detection thresholds are equal.
However, at higher spatial frequencies resolution contrast sensitiv-
ity falls off relatively rapidly to unity (the maximum available con-
trast), while detection performance continues to a higher spatial
frequency cut-off with the presence of chromatic aliasing (Ander-
son et al., 2002b).
Age-related changes in contrast sensitivity function (CSF) have
previously been investigated for both achromatic and chromatic
stimuli (Burton, Owsley, & Sloane, 1993; Crassini, Brown, & Bow-
man, 1988; Elliott, 1987; Fiorentini, Porciatti, Morrone, & Burr,
1996; Hardy, Delahunt, Okajami, & Werner, 2005; Morrison &
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Owsley, Sekuler, & Siemsen, 1983). While there is consensus that
contrast sensitivity at medium and high spatial frequencies de-
clines with age (Burton et al., 1993; Crassini et al., 1988; Elliott,
1987; Hardy et al., 2005; Morrison & McGrath, 1985; Owsley et
al.,1983, 1985), there is continuing debate over the relative contri-
bution of optical and neural factors to this decline (Burton et al.,
1993; Elliott, 1987; Hardy et al., 2005; Morrison & McGrath,
1985; Owsley et al., 1983). In the present study we sought to doc-
ument the changes that occur at the high spatial frequency range
of the peripheral CSF under conditions of SWS-cone isolation in a
group of observers of increasing age and free from any known ocu-
lar pathology. To investigate neural losses in the peripheral SWS
CSF with age we applied the previously described well researched
technique of measuring thresholds for a resolution task for both
acuity and contrast sensitivity close to its cut-off.
In addition to a resolution task we also wished to measure the
high spatial frequency end of the SWS CSF for a detection task.
By measuring both resolution and detection thresholds we could
determine if the resolution performance was sampling limited at
the highest spatial frequencies for all ages. While we can be conﬁ-
dent that measurements of resolution thresholds for acuity and
contrast sensitivity at this eccentricity reﬂect retinal ganglion cell
density, the principal optical and/or neural contributions to the
detection thresholds are not so evident. However, evidence that
detection and resolution cut-off thresholds are different and that
an aliasing zone is present on the SWS CSF would lend weight to
the argument that the resolution thresholds measured using our
methods are principally limited by the responding cell density
even in older subjects.2. Methods
2.1. Participants
Fifty-one normal participants (21 males, 30 females) ranging in
age from 19–72 years took part in the study. Participants were re-
cruited from members of the public who had recently attended a
University Optometry Clinic for a routine eye examination. All par-
ticipants underwent a full ophthalmic examination by an optome-
trist with the following criteria used for study inclusion: visual
acuity of 20/20 (Snellen) with best correction, refractive error be-
tween 10DS and +6DS and 62.5DC of foveal astigmatism, clear
ocular media assessed by slit-lamp biomicroscopy, no self-reported
history of ocular disease and no history of diabetes or other sys-
temic disease that might affect vision. Dilated fundus examination
revealed no soft drusen or obvious retinal pigment epithelium
changes in the macular area of any of the participants. None of
the participants had a measurable colour defect on Ishihara or City
University Colour Vision Tests. The eye with the best-recorded vi-
sual acuity was chosen as the study eye. If acuity and refractive er-
ror was equal in both eyes, one eye was randomly selected to
undergo testing. This selection was undertaken by asking the pa-
tient which they felt was their dominant eye, and performing the
testing on this eye. The study received ethical approval from the lo-
cal research ethics committee and informed consent was obtained
from all participants in accordance with the tenets of the Declara-
tion of Helsinki.
2.2. Apparatus and stimuli
The apparatus took the form of a short-wavelength resolution
perimeter described in detail in previous studies that required iso-
lation of the SWS system (Beirne, Logan, Zlatkova, Jackson, Rankin,
Demirel & Anderson, 2003; Zlatkova, Coulter, & Anderson, 2003).Patches of short wavelength sinusoidal grating stimuli were
generated using a Visual Stimulus Generator VSG2/3 (Cambridge
Research Systems, Rochester, UK) and displayed on a gamma cor-
rected 21-in. monitor (Sony 500PS) with pixel resolution of
1024  768, frame rate of 100 Hz. The monitor screen subtended
25 by 32 at a viewing distance of 0.65 m. The short-wavelength
gratings, generated using only the blue gun of the monitor, had
maximal luminance contrast of 90% (Michelson contrast) and the
same mean luminance as the blue background of the screen
(1.2 cd/m2 mean luminance). This luminance in combination with
a dilated pupil ensured that a relatively high blue retinal illumina-
tion was achieved when testing older participants. Gratings were
presented within a sharp-edged disc (4 diameter) to ensure that
at least two full cycles would be displayed at low spatial frequen-
cies (the study of Anderson, Evans, and Thibos (1996) which exam-
ined how detection and resolution acuity changed with the
number of cycles in the window, found that, while narrow hard-
edged windowing changes the energy distribution in the Fourier
spectrum, the peak energy remains ﬁrmly around the spatial fre-
quency of the grating, and detection performance remains superior
to resolution even down to 1 cycle/window). Gratings of 1 s total
duration were presented in each trial including a ramp rise and de-
cay of 0.3 s.
Isolation of the SWS-cones was achieved by selective chromatic
adaptation using a broadband yellow adapting background of
>530 nm (luminance 600 cd/m2 at the eye) designed to render
MWS and LWS cones relatively insensitive to the short wavelength
stimuli. The bright yellow background was produced by placing a
long-wavelength pass yellow ﬁlter (Schott OG530; 530 nm half-
height) in front of the lens of a halogen globe. The yellow light
was then projected, from a position perpendicular to the monitor,
through a white diffusing screen towards a beam-splitter angled at
45. The luminance level of the yellow background was based on
the acuity vs. yellow background relationship from several previ-
ous studies (Anderson et al. 2002a; Humanski & Wilson, 1992;
Metha & Lennie, 2001) which demonstrated an initial acuity de-
cline followed by a break and plateau, suggesting that the acuity
is mediated by SWS-cones. Anderson et al., 2002 found that the
break in the resolution acuity vs. yellow luminance plot was ob-
served at about 210 cd/m2. Therefore, for this study we chose a yel-
low luminance almost three times higher than this in order to
ensure SWS-cone isolation for older participants who may have
had signiﬁcant ocular media absorption.
The yellow background luminance decreased to 580 cd/m2 at
the edge of the monitor but was uniform (measurements within
the 2% test–retest variability of the spectrophotometer) over the
areas where the stimuli were presented.
2.3. Calibrations and calculation of retinal illuminance
All photometric and radiometric measurements were made
with a SpectraScan PR650 spectrophotometer (Photo Research,
Inc, Chatsworth, CA, USA) at the eye position. The CRT guns’ out-
put was linearized using VSG calibration software (Cambridge Re-
search System, Rochester, UK). The CIE coordinates of the blue
phosphor were x = 0.147, y = 0.07. The CIE coordinates for the yel-
low background were x = 0.51, y = 0.48. A linearity check was per-
formed every two weeks. The retinal illuminance in photopic
Trolands was calculated and corrected for the Stiles–Crawford
directional effect using Le Grand’s method (Le Grand, 1957). Dila-
tion with 1% Tropicamide ensured that pupil sizes were between
7 and 8 mm, resulting in retinal illuminance values between 1.43
and 1.47 log photopic Td for the blue background and 4.13 and
4.17 log photopic Td for the yellow background. To characterize
the SWS-cone quantal catch from the combined blue and yellow
background, the retinal illumination was converted to S-Trolands
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(Boynton & Kambe, 1980). This was calculated using the method
described by Smith and Pokorny (1996) and corrected for the
Stiles–Crawford effect. The blue and yellow background spectra
were measured in 4 nm steps. The calculations are based on the
Judd luminosity function (1951) and Smith and Pokorny cone fun-
damentals (Smith & Pokorny, 1975) modiﬁed in order to account
for the reduced macular pigment at the eccentricity tested. To
this end, the standard macular pigment spectrum was removed
from the SWS-cone fundamentals. The calculated retinal illumi-
nance for 7 and 8 mm pupil was 2.44 and 2.48 log S-Td for the
blue background and 1.13 and 1.17 log S-Td for the yellow
background.
2.4. Psychophysical procedure
All participants’ pupils were dilated with 1% Tropicamide to re-
duce the effects of age-related changes in pupil size and to provide
a high retinal illumination for good SWS-cone isolation. Tropica-
mide also reduced the accommodative ability of the younger par-
ticipants to a level similar to that of the older subjects, negating
any age-related accommodative differences which may have inﬂu-
enced the results (Swanson, 1989).
A foveal optical correction, using full-aperture lenses to allow
a large ﬁeld of view, was worn by all participants. The optical
correction worn was the participant’s habitual foveal optical cor-
rection with positive addition for the screen distance (0.65 m) (to
negate the cycloplegic effect of the Tropicamide), and an addi-
tional compensation of 1DS for the short-wavelength chromatic
focus error (Williams, Sekiguchi, Haake, Brainard, & Packer,
1991). The participants viewed the stimulus monocularly with
their chin positioned on a chin-rest and with the non-tested
eye occluded. For all measurements the small gap (0.5) between
two central vertically aligned squares (0.3 size) served as the
ﬁxation point. Central ﬁxation was strongly encouraged through-
out all the experiments.
The acuity and CS were measured at two retinal locations
(meridian 90 and 270), both at 8 eccentricity. The eccentricity of
8 was chosen based on the knowledge from the literature and
our own previous experiments that aliasing is most likely to occur
at intermediate eccentricities of around 10 where the amount of
off-axis astigmatism is still low and the limitations imposed by
the neural sampling density are greater than the limitations of
the eyes optics (Williams, Artal, Navarro, McMahon, & Brainard,
1996). At a more peripheral location it would have been necessary
to correct the increasing amount of off-axis astigmatism for each
individual subject.
Contrast sensitivity for detection and resolution was measured
at three different spatial frequencies for each subject. The spatial
frequencies chosen for each subject were 0.05, 0.15 and 0.32 log
units less than that individual’s resolution acuity value. This al-
lowed comparison of the resolution and detection performance
irrespective of individual variations in the acuity. Our previous
works show that repetitive measurements of resolution acuity on
the same individual shows very little variability (typical standard
deviations for several subjects of different ages were less than
0.05 log units), allowing us to reliably measure CS at a spatial fre-
quency 0.05 log units below the resolution acuity value for each
individual. Participants were given an initial practice session to
familiarise them with the task.
2.4.1. Resolution acuity
Resolution acuity was measured using a 2AFC orientation iden-
tiﬁcation task and a 3-up/1-down staircase method. The grating
was presented in each trial in one of two orientations (45 and
135) and at one of two locations (meridian 90 or 270) in a ran-dom order. Two interlaced staircases were run, one for each of the
two locations. Participants had to respond only to the orientation
(‘‘left or right”) with a response-box for each trial (grating location
was the irrelevant parameter in this task). No feedback was given
and the participants were encouraged to guess if unable to identify
the grating orientation. For each observer, the starting spatial fre-
quency was chosen at a random level above the individual thresh-
old on the basis of several practice trials. The spatial frequency of
the grating changed in equal upward and downward steps of
0.04 log units (0.8 dB). Under these conditions the staircase would
converge towards a threshold corresponding to 79% correct re-
sponses (Levitt, 1970). The threshold was calculated by the soft-
ware as the arithmetic mean of the values for the ﬁrst four
reversals for both orientations. Further averaging and statistical
analysis was performed on the log-transformed data. Any bias that
resulted from these different averaging processes would have af-
fected both the resolution and detection thresholds in a similar
way and would be negligible compared to the main effects of the
study. A t-test on log-transformed data showed that location (top
or bottom) did not have a signiﬁcant effect on resolution acuity
(t = 0.43, df = 47, p = .67). Therefore, resolution acuity values are
presented as the mean of the log values at the two locations for
each subject.
2.4.2. Detection acuity
Detection acuity was measured using a spatial 2AFC procedure
where the grating was randomly presented at one of two locations
(meridian 90 and 270) and in one of two different orientations
(45 or 135). The subject had to respond this time to the location
of the stimulus on each trial (‘‘top or bottom”) using the response-
box (grating orientation was the irrelevant parameter in this task).
The same staircase procedure as for resolution was used and the
mean detection threshold was calculated for a combination of both
locations for each orientation (45 or 135) using the ﬁrst four
reversals. A t-test on log-transformed data showed that orientation
(left or right) did not have a signiﬁcant effect on detection acuity
(t = 1.41, df = 43, p = .17). Therefore, detection acuity values are
presented as the mean of the log values for the two orientations
for each subject.
2.4.3. Contrast sensitivity: resolution
The resolution CSF was measured using a 2AFC orientation
identiﬁcation task where the grating was presented in each trial
in one of two orientations (45 and 135) at one of two locations
(meridian 90 or 270) and at one of three spatial frequencies as
determined from the resolution cut-off described previously. Par-
ticipants had to respond to the orientation of the grating (‘‘left or
right”) with the grating location being the irrelevant parameter.
An adaptive threshold procedure (BestPEST method, ‘‘Psycho” soft-
ware, Cambridge Research Systems, Rochester, UK) was used to
estimate the CS threshold (Pentland, 1980). The adaptive staircase
stopped when a preset conﬁdence interval of 75% was reached. The
ﬁnal contrast at the staircase termination was taken as the thresh-
old. Thresholds were estimated using approximately 20 presenta-
tions at both locations for each of the three spatial frequencies. A
separate control step of low spatial frequency and relatively high
contrast was included to assess participant reliability and help
maintain concentration throughout each session. None of the par-
ticipants had signiﬁcant errors in the catch-trials (<10%) and there-
fore all results were included in the subsequent analysis. Three
independent staircases, one for each spatial frequency and the
catch trial were interleaved in a single run. A t-test on log-trans-
formed data showed that location (top or bottom) did not have a
signiﬁcant effect on resolution CS (t = 0.60, df = 114, p = .55), there-
fore, resolution CS values are presented as the mean of the log val-
ues at the two locations for each subject.
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Detection CS was measured using a spatial 2AFC procedure
where the grating was randomly presented at one of two locations
(meridian 90 and 270) and in one of two different orientations
(45 or 135) at the same three pre-determined spatial frequencies
used for the resolution task (see above). The participants had to re-
spond to the stimulus location (‘‘top or bottom”) with grating ori-
entation being the irrelevant parameter. The BestPEST method
used had the same parameters as for resolution. A t-test on log-
transformed data showed that orientation did not have a signiﬁ-
cant effect on detection CS (t = 1.19, df = 118, p = .24). Therefore,
detection CS values are presented as the mean of the log values
for the two orientations for each subject.
3. Results
Fig. 1a shows the change in detection and resolution acuity with
increasing age for all participants. It can be seen that both detec-
tion and resolution acuities decline with increasing age. To estab-
lish the relationship between grating acuity and age we tested
two regression models: a univariate linear regression and a two-
phase regression with the slope of the ﬁrst line segment ﬁxed at
zero (Seber & Wild, 1989). The intercept of the ﬁrst segment, the
slope of the second segment and the point of the intersection of0.1
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Fig. 1. (a) Mean resolution (D) and detection (j) acuity for each observer versus
age. Data were ﬁtted with linear regression lines for resolution (solid line) and
detection (dashed line). (b) The difference between log detection acuity and log
resolution acuity at different ages for each individual (a measure of each
individual’s aliasing zone size) ﬁtted with a linear regression line (solid line).the two were estimated by the regression procedure. The second
model tested the possibility that the data are better characterized
a non-linear function with a smaller change rate at younger age
and a faster change at older age as suggested by some authors
(Johnson & Choy, 1987). Table 1 shows the regression parameters
of the two models for detection and resolution tasks. For both
models, the relationship between acuity and age was signiﬁcant
(p < .001). Statistical comparison between the two models was per-
formed by F-test using their residual sum-of-squares and number
of parameters involved (Motulsky & Christopoulos, 2004), for both
resolution and detection acuity. For the resolution acuity task the
calculated F-value was (F(2,44) = 0.97) with no statistical signiﬁ-
cance at the 0.05 level. For the detection acuity task, the F-value re-
vealed no statistical signiﬁcance either (F(2,44) = 0.65). As the non-
linear model did not signiﬁcantly improve the statistical parame-
ters, the data were ﬁtted with linear regression lines for both res-
olution and detection (Fig. 1a).
To determine if acuity was sampling limited (detection acuity
better than resolution acuity) at all ages we examined detection
and resolution performance for each individual. Fig. 1b shows the
difference between log detection acuity and log resolution acuity
at different ages for each individual (a measure of each individual’s
aliasing zone size). A paired t-test on log-transformed data showed
that detection was signiﬁcantly higher than resolution (t = 6.2,
df = 48, p < .01). The small but statistically signiﬁcant difference in
acuity thresholdswas due to amajority of subjects having a positive
aliasing zone as indicated in Fig. 1b. Aminority of subjects displayed
better resolution acuity than detection acuity, but this random var-
iation could be expected to occur occasionally given the closeness of
the two acuity thresholds found in most individuals. Linear regres-
sion, with age and the difference in acuity thresholds as variables,
revealed that there was no signiﬁcant correlation between the size
of the aliasing zone and age (R2 = 0.006, B = 0.000, p = .59).
In order to investigate if contrast sensitivity was also sampling
limited at each spatial frequency tested, we examined the differ-
ence between detection and resolution contrast sensitivity. Fig.
2(a–c) shows the difference between detection and resolution con-
trast sensitivity for each individual. The spatial frequencies at
which contrast sensitivity was measured were not the same for
all individuals as they were based on each individual’s resolution
acuity values. Fig. 2a shows the individual differences between
resolution and detection contrast sensitivity at that spatial fre-
quency 0.05 log units below the acuity threshold. Paired t-testsTable 1
Summary of the regression parameters for the resolution/detection acuity vs age
relationship using a univariate and two-phase regression ﬁt
Resolution task Detection task
Univarate regression
Intercept 0.51 0.57
Slope 0.0045 0.0042
Beta 0.610 0.532
p <0.0001 <0.0001
R2 0.372 0.283
Two-phase regression
a1 0.39 0.44
[0.34, 0.42] [0.4, 0.49]
b2 0.0082 0.0086
[0.013, 0.0031] [0.015, 0.0017]
Breakpoint (yrs) 44.0 47.0
[31.7,56.3] [33.1, 60.9]
R2 0.386 0.288
The following function was used for the two-phase regression: a1 + b2*(A-Break-
point)*(A>Breakpoint), where a1 is the intercept of the ﬁrst segment, b2 is the slope
of the second segment, Breakpoint is the age at intersection of the two linear seg-
ments and A is the age. Values in the square brackets denote 95% conﬁdence
intervals of the estimate.
-0.2
-0.1
0
0.1
0.2
0.3
0.4
10 20 30 40 50 60 70 80
AGE (yrs)
Lo
gD
ET
 - 
Lo
gR
ES
 (C
S)
(a
t 0
.0
5 
lo
g 
un
its
 b
el
ow
 a
cu
ity
)
-0.2
-0.1
0
0.1
0.2
0.3
0.4
10 20 30 40 50 60 70 80
AGE (yrs)
-0.2
-0.1
0
0.1
0.2
0.3
0.4
10 20 30 40 50 60 70 80
AGE (yrs)
Lo
gD
ET
 - 
Lo
gR
ES
 (C
S)
(a
t 0
.0
5 
lo
g 
un
its
 b
el
ow
 a
cu
ity
)
Lo
gD
ET
 - 
Lo
gR
ES
 (C
S)
(a
t 0
.0
5 
lo
g 
un
its
 b
el
ow
 a
cu
ity
)
a
b
c
Fig. 2. (a–c) The difference between detection and resolution contrast sensitivity
for each individual as a function of age at spatial frequencies: (a) 0.05 (b) 0.15 and
(c) 0.32 log units below the resolution acuity threshold. The data are each ﬁtted
with a linear regression line (solid line).
Fig. 3. Average SWS contrast sensitivity functions for detection (closed symbols)
and resolution (open symbols) for 3 age groups (19–49 yrs, 50–60 yrs, 61–72 yrs).
The data are presented at the average spatial frequencies for each age group (see
main text for details). Fitted lines represent the best-ﬁt negative exponential
functions for detection (dashed lines) and resolution (solid lines).
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cantly higher than resolution CS (t = 5.6, df = 44, p < .01). This
shows that the resolution contrast sensitivity thresholds were
sampling limited at this spatial frequency close to the resolution
acuity threshold. Linear regression showed that the difference be-
tween these thresholds was not signiﬁcantly related to age
(R2 = 0.009, B = 0.00, p = .53) indicating that the size of the aliasing
zone stays constant with age.
Contrast sensitivity at those spatial frequencies 0.15 and 0.32
log units below the resolution acuity cut-off threshold (Fig. 2b
and c) was not signiﬁcantly different between the detection and
resolution thresholds. At these spatial frequencies contrast sensi-
tivity measurements were no longer sampling limited.
CS was also examined on an absolute spatial frequency scale in
an attempt to better reﬂect the overall change in the higher spatial
frequency end of SWS CSF with age. To illustrate the typical
changes in the CSF with age, we divided the participants into three
groups. There was signiﬁcant overlap in acuity and CS in those par-
ticipants aged up to ﬁfty, therefore data from these participantswere combined into one group and two groups of older partici-
pants were also formed (50–60 yrs and 61–72 yrs) since CS change
was expected in those age ranges. The CS values at the mean spa-
tial frequencies for each of the three age groups were then aver-
aged and shown in Fig. 3 for resolution (closed symbols) and for
detection (open symbols). The lines through the data points indi-
cate the best-ﬁt negative exponentials functions which describe
well the contrast sensitivity fall off on log–log scale as shown by
previous authors (e.g. Norcia, Tyler, & Hamer, 1990). The average
CSF for both detection and resolution shifts systematically towards
lower spatial frequencies with increasing age. In addition, the
graphs using averaged data illustrate the ﬁnding from the previous
paragraph, namely that detection CS exceeds resolution CS at the
highest spatial frequency. It has been shown that the maximum-
likelihood method (BestPEST) used to measure contrast thresholds
produces a bias close to the limit of the stimulus range (Emerson,
1986). However, it is unlikely that the difference between detec-
tion and resolution CS would be affected by this methodological
artefact, since both thresholds would be similarly biased. The CS
values for the resolution task were measured close to the resolu-
tion limit and the difference in resolution and detection thresholds
suggests a steeper fall of the resolution CS than of the detection CS
thresholds.
4. Discussion
The initial aim of this study, examining the changes that occur
at the high spatial frequency end of the peripheral SWS CSF with
increasing age for both a resolution and a detection task, was to
determine whether SWS-cone resolution acuity and high spatial
frequency CS remained limited by the density of the underlying
responding ganglion cell array. To this aim, it was important to
control as many of the adverse effects of the optics as possible.
One major problem in studying the SWS-cone function is the
increasing absorption of the short-wavelength light with age, ow-
ing to the yellowing of the ocular lens. With respect to SWS grating
resolution acuity, the existing evidence suggests that it is resistant
to lens yellowing. Swanson (1989) did not ﬁnd a change in SWS
resolution acuity with age and the observed inter-observer vari-
ability could not be explained by the individual variation of pre-
receptoral ﬁltering. Zlatkova et al. (2003) have found a signiﬁcant
change of SWS resolution acuity with age but no correlation with
individual lens density. In a recent simulation study, no notable ef-
fect of simulated lens yellowing on SWS resolution acuity was
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contrast sensitivity, Swanson (1996) pointed out that several fac-
tors should be considered: reduction of the blue luminance below
the Weber region due to the lens absorption, reduction of the SWS-
contrast, since the intense yellow background causes an increase of
the SWS-cone catch, and polarization at an opponent site due to
large differences between SWS-cone and L and M-cone adaptation.
The latter factor has been shown to be spatial frequency-depen-
dent (Humanski & Wilson, 1992; Stromeyer, Kronauer, & Madsen,
1984). In the present study, the photopic Trolands resulting from
the combined blue and yellow background are much higher than
the corresponding S-Td (see Section 2), possibly resulting in a
change in the balance at the opponent site. However, in our previ-
ous simulating study under similar conditions (Zlatkova et al.,
2006), we found that only one out of eight subjects tested showed
some spatial frequency-dependent CS reduction with the simu-
lated lens yellowing. This reduction was minimum at high spatial
frequency, opposite to the previously reported result (Humanski
& Wilson, 1992; Stromeyer et al., 1984). The other subjects showed
only minor changes for at least a 3-fold reduction in the retinal
illuminance, which would correspond to lens yellowing up to
about 75 years (Zlatkova et al.,2006). The effect of the simulated
moderate transparency loss was also negligible. Although we did
not estimate the individual lens absorption of the participants in
the present study, we can assume, based on previous results, that
resolution acuity and CS near the cut-off frequency in particular,
have not been signiﬁcantly affected by the adverse effects of lens
yellowing.
The resolution acuity has also been shown to be robust to a
moderate amount of optical blur (Anderson, Coulter, Zlatkova, &
Demirel, 2003). Therefore, our resolution CSF near the cut-off fre-
quency should not have been adversely affected by optical blur
or the differing amount of lens yellowing that are known to exist
in the aged population and truly reﬂects neural retinal function.
Our data indicate that resolution acuity remains sampling lim-
ited with increasing age, as evidenced by the superiority of detec-
tion acuity over resolution acuity with the presence of a small but
signiﬁcant aliasing zone at all ages tested (Fig. 1b). There was a
large inter-individual variation in the size of the aliasing zone be-
tween subjects, but the average size of the aliasing zone (0.08 log
units) in this cohort of subjects was signiﬁcantly different from
zero. The relatively small size of the aliasing zone would partly be
due to the combination of super-Nyquist resolution thresholds
found when using a forced choice procedure (Williams & Coletta,
1987) and the deleterious effects of a large pupil size on the detec-
tion thresholds (Williams et al., 1996). However, these effects
would be present at all ages and should not disguise any systematic
change in the size of the aliasing zone with increasing age. We may
also expect the SWS aliasing zone to be narrow owing to the high
coverage factor (about 3) of the dendritic ﬁelds of the small bistrat-
iﬁed ganglion cells (Dacey, 1994b) suggesting an overlap in recep-
tive ﬁelds if we assume that the receptive ﬁeld centre size is
determined by the dendritic ﬁeld size, (Wassle & Boycott, 1991)
which seems likely for the small bistratiﬁed cell (Lee, 1996). Thibos
et al. (1987a) indicated that, for high contrast gratings in peripheral
vision, the minimum angle of detection (MAD) was equal to the
receptive ﬁeld radius and the minimum angle of resolution (MAR)
was equal to the receptive ﬁeld spacing. If receptive ﬁeld spacing
is larger than the radius it will be possible to detect contrast in grat-
ings that can not be resolved and aliasing will be observable be-
cause of undersampling. If receptive ﬁeld size is large relative to
spacing (i.e. increased overlap/coverage), the superiority of detec-
tion acuity over resolution acuity should be small, giving a reduced
aliasing zone.
The SWS resolution acuity values that we have reported in this
study are comparable to a previous study that measured resolu-tion acuity at a similar retinal eccentricity (but different merid-
ian) using two blue cone monochromats (Hess et al., 1989).
Metha & Lennie, 2001 also measured SWS resolution and detec-
tion acuities for 3 normal observers and found similar resolution
values (on average) to those reported in this study. Their ﬁnding
of higher detection thresholds than we report is most likely due
to the fact that they used interferometric methods that would
have resulted in greater contrast being available for detection
thresholds (Metha & Lennie, 2001). Chromatic aliasing can be pro-
duced at the photoreceptor level and foveal measures of SWS res-
olution acuity match well with predicted Nyquist values based on
available S-cone density data (see Calkins, 2001). However, sev-
eral previous studies have shown that resolution acuity values
at the eccentricity of 8 used in this study fall below that ex-
pected from the S-cone density estimates alone (Beirne et al.,
2005; Hess et al., 1989; Metha & Lennie, 2001; see Calkins,
2001). At this eccentricity the acuity values measured match bet-
ter the predicted acuity values based on the available estimates of
small bistratiﬁed ganglion cell density (Anderson et al., 2002; Bei-
rne et al., 2005). However, detailed information on the density of
the small bistratiﬁed ganglion cell is lacking, with current esti-
mates based on the dendritic ﬁeld size and intercell spacing at
various eccentricities using data from a small number of eyes (Da-
cey, 1993b). More detailed density information on this cell type
would allow for a more deﬁnite prediction on the principal retinal
limit to SWS resolution acuity in the periphery.
Contrast sensitivity for a resolution task also remains sampling
limited, with detection exceeding resolution at all ages only at the
highest spatial frequency measured, which was 0.05 log units from
the resolution cut-off (Fig. 2a). The ﬁnding that the SWS resolution
CS near the cut-off frequency was lower than the detection CS at all
ages provides strong evidence that it remained sampling limited
with ageing. Therefore, one can be conﬁdent that the age-related
losses in resolution acuity and high spatial frequency CS have a
neural origin and reﬂect a loss at the ganglion cell level occurring
within the short-wavelength system with age. This is in line with
the general reported decline in human retinal ganglion cell density
with increasing age (Curcio & Drucker, 1993; Gao & Hollyﬁeld,
1992). Several previous studies, which used interferometry to mea-
sure achromatic retinal CS, reached a similar conclusion that neu-
ral loss is a signiﬁcant component in the change in contrast
sensitivity with age (Elliott, 1987; Morrison & McGrath, 1985;
Owsley et al., 1985).
While neural loss is a likely hypothesis for the age-related loss
in the resolution performance, the mechanisms causing the loss in
detection CS are less known. The detection task simply involved
the subject responding to detection of any contrast present in the
visual ﬁeld. There is a variety of factors that could reduce the stim-
ulus contrast and might be responsible for the observed decrease
in CS with age. For the achromatic CS, the major optical factors be-
lieved to contribute to the age-related loss at high spatial frequen-
cies are intraocular stray light (Ijspeert, de Waard, van den Berg, &
de Jong, 1990), and the ocular aberrations (Guirao, Gonzalez, Re-
dondo, Geraghty, Norrby, & Artal, 1999; McLellan, Marcos, & Burns,
2001), both of which increase with age. For the SWS detection CS,
the increased lens yellowing would cause additional decrease of
SWS-cone contrast. The contribution of neural changes also should
be considered. The morphological age-related changes in photore-
ceptors, the loss of photoreceptors and ganglion cells in the retina
and losses at higher visual centres with age are all potential candi-
dates. Interestingly, the area of spatial summation has been re-
ported to increase with age for scotopic vision (Schefrin, Bieber,
McLean, & Werner, 1998). Although this has not been studied for
the SWS-cone system, the enlargement of the area of spatial sum-
mation with age at some stage of the SWS-cone visual pathway,
due to increased neural convergence would be a reasonable
1900 R.O. Beirne et al. / Vision Research 48 (2008) 1894–1901explanation for the reduced detection acuity and CS at high spatial
frequency.
Although there was a large inter-individual variation, we did
not ﬁnd any systematic change in the size of the aliasing zone with
increasing age (see Figs. 1b and 2a). Therefore, at the high spatial
frequency end of the SWS CSF, one can conclude that there are sim-
ilar changes in both detection and resolution SWS CS with increas-
ing age. Although the tasks of resolution and detection are
subserved by different mechanisms, the results suggest that these
mechanisms undergo changes with age that produce remarkably
similar changes in the detection and resolution performance.
In addition to providing information on the relative effects of
the optical and neural factors on the high spatial frequency end
of the SWS CSF within a normal ageing population, these ﬁndings
are of clinical relevance with respect to eye diseases that have
previously been shown to have compromised SWS-cone function
such as glaucoma, diabetes, age-related macular degeneration
and retinitis pigmentosa (Greenstein, Hood, Ritch, Steinberger,
& Carr, 1989; Haegerstrom-Portnoy & Brown, 1989; Johnson,
Adams, Casson, & Brandt, 1993; Swanson, Birch, & Anderson,
1993), where it is important to distinguish pathological effects
from the changes that might be expected to occur in a normal
aging population.
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